An experiment was conducted in six earthen ponds with 20 shrimps m2Litopenaeus stylirostris (Stimpson) during the warm season in New Caledonia to study the dynamics of wastes in relation with water exchange rate (WER). The nitrogen budget was established, taking into account the different forms of nitrogen in the water, sediment, feed and shrimp. Data from a wide range of treatments applied in unreplicated ponds were treated using regression analysis to establish the relationship between WER and partial nitrogen budget, sediment characteristics and shrimp performance. To compare effluent quality between treatments during the season, data were analysed using the nonparametric sign test. The water outflow was characterized by a decrease in the concentrations of Nmineral forms (TAN, NO2-NO3), an increase in the concentration of organic soluble and sestonic organic forms (expressed in terms of particulate nitrogen, particulate organic carbon, chlorophyll a) compared with the water inflow. Increasing WER increased the amount of exported wastes and mainly in the organic forms and TAN can be considered as negligible. The nitrogen budget showed that 19-46% of nitrogen input (feed+water) was exported into the coastal environment. The results showed that the quality of the sediment decreased as WER decreased. The potential negative impact of the developing industry in New Caledonia on the costal environment could be partially reduced in a first step by decreasing WER. However, if applied in the farms, this practice should be linked to a close survey of the evolution of sediment quality.
Introduction
Shrimp farming (Litopenaeus stylirostris Stimpson) in New Caledonia is a developing industry conducted in flow-through semi-intensive system, at 20-35 animals m -² with an extrapolated yield ranging from 2.0 to 5.5 t ha -1 yr -1
. Seventeen operating farms covering 650 ha produced about 2, 000 tons in the 2003/2004 harvest season (Fonfreyde, Capo & Guillaume 2004) . As consequence of a seasonal pathology named "syndrome 93" which appears during the cold season, the industry produces essentially during the warm season (Harache & Herbland 2004) . With 400-km coastline and the availability of coastal land that is not adequate for traditional agriculture activities, New Caledonia has a great potential to develop the shrimp industry. In 2007, it is envisaged to increase the production to about 5, 000 tons by increasing the number of ponds to reach in final an area of about 1300 ha (Fonfreyde et al. 2004) .
Shrimp farms are built on the intertidal zone between mangroves and agricultural land with ponds integrated as much as possible to the natural landscape, inducing no mangrove wetlands destruction. The species cultured in New Caledonia is a non-indigenous species. The mexican blue shrimp Litopenaeus stylirostris was imported from the United States in 1980 from which almost 30 generations have been reared in captivity. The escapement of this species from farms could represent a significant concern. However, this shrimp has never been caught in the surrounding environment. The impact of shrimp farming on the coastal environment is mainly limited to aquaculture effluents (Lemonnier & Herlin 1999) . However, the multiplication of farms, the increase in production and the risk of intensification of the system may increase the pressure on the environment and could result in the long term to significant or insidious modifications in the lagoon, and possibly irreversible. The emergence of a new pathology in the last years named "summer syndrome", which has been localised until now in a single bay is another good reason to manage the environment, as the whole industry could be affected if the pathogen was spread via seawater (Harache & Herbland 2004; Goarant, Ansquer, Herlin, Domalain, Imbert & De Decker 2006) . Thus, effluents should be monitored and managed to avoid or reduce any negative environmental impacts, to limit spreading of pathogenic microorganisms from seawater and to improve sustainability.
The decrease of water exchange rate (WER) has been studied throughout the world to limit the export of waste and to reduce the impact on coastal environment (Hopkins, Sandifer & Browdy 1995; Sandifer & Hopkins 1996; Martinez-Cordova, Porchas-Cornejo, VillarrealColmenares & Calderon-Perez 1998) . Water exchange (WE) is used to flush nutrients and phytoplankton from ponds to prevent excessive phytoplankton blooms. It removes toxic metabolic wastes such as ammonia, and dilutes pond water so that salinity does not become excessive. The major problem associated with the decrease of WER in semi-intensive system in earthen ponds is a rapid eutrophication of the system, resulting in increasing concentrations of nutrients and organic matter over the culture period. Nitrogen waste produced and oxygen drop could be ultimately making the environment toxic to shrimp.
Budgets are calculated including all nutrients gains and losses to quantify environmental impacts and to provide recommendations for farmers. The calculation of those budgets was established for experimental intensive shrimp ponds (Hopkins, Hamilton II, Sandifer, Browdy & Stokes 1993) , experimental semi-intensive shrimp ponds (Martin, Veran, Guelorget & Pham 1998; Lemonnier, Martin, Brizard & Herlin. 2003) , commercial intensive shrimp ponds in Thailand (Briggs & Funge-Smith 1994; Thakur & Lin 2003) , Australia (Jackson, Preston, Thompson & Burford 2003) , extensive shrimp ponds in Bangladesh (Wahab, Bergheim & Braaten 2003) , semi-intensive shrimp farms in Mexico (Paez-Osuna, Guerrero-Galvan, RuizFernandez & Espinaza-Angulo 1997) , Honduras (Teichert-Coddington, Martinez, Ramirez 2000) and Bangladesh (Islam, Sarker, Yamamoto, Wahab & Tanaka 2004) . However, the relationship between WER and the dynamics of wastes in marine shrimps needs to be fully investigated at semi-intensive level.
The aim of the present study was double. First, it was to determine the effects of different WER on the nitrogen budget in semi-intensive shrimp rearing during the warm season. Second, it was to establish the relationship between WER, production parameters (survival, growth and yield) and the characteristics (nature and amount) of waste in effluent and pond sediment.
MATERIALS AND METHODS

Pond management
The experiment was carried out at the Caledonian Aquaculture Laboratory in 6 rectangular earthen ponds (1500 m² surface area, mean water depth 1.0 m) during the warm season (October 1998 to March 1999 . Ponds were dried out for 10 days before filling. They were stocked with Litopenaeus stylirostris post-larvae at 20 shrimps m -2 . Shrimp mean weight (N=100) was determined weekly. Shrimps were fed four times a day with a commercial feed (35-40% protein, SICA, New Caledonia). Feeding rates were adjusted based on feed consumption, monitored with one feeding tray per pond, and biomass estimates calculated from weekly shrimp sampling. No fertilizer was added to the pond either before or during the experiment, and no aeration was used. Shrimps were harvested the same day in all ponds after 143 days of rearing.
Partial WE was performed daily in the morning. Water was pumped directly from the sea through a short supply canal (50 m) and introduced directly into the ponds by gravity via a short tube (diameter: 15 cm). Flow rate for each pond was measured with a Mebflügel Meter (Type C2"10.150") several times during the experiment. WER was estimated taking into account the water flow for each pond and duration of WE. The beginning of the WE was synchronous for all ponds. Closing was shifted in time for the different ponds. The overall mean water inflow rates were 6%, 11%, 16%, 21%, 29% and 33% per day for respectively ponds 1, 2, 3, 4, 5 and 6.
Water parameters
Dissolved Oxygen (DO) and temperature were recorded daily (06:00 and 16:00 hours) at mid-depth near the discharge gate with a portable oxygen meter. Salinity and pH were measured twice a week in the evening (16:00 hours), using respectively a refractometer and a laboratory pH-meter.
Intake water samples were collected twice a week in the supply canal where water entered in ponds. Effluent samples were collected twice a week in all ponds at the discharges gates during the WE. Sampled water (500 ml) was immediately filtered through a GF/C Whatman filter. Analysis included total ammonia nitrogen (TAN) (Koroleff 1976) , nitrite and nitrate nitrogen (NO 3 -+NO 2 -)-N (Wood, Armstong & Richards 1967) and total soluble nitrogen after mineralization (Raimbault, Pouvesle, Diaz, Garcia & Sempéré 1999) . To estimate Chlorophyll a (chl a), water samples of 25 ml were filtered through GF/C Whatman filters and analysed by the fluorometric method (Holm-Hansen, Lorenzen, Holmes & Strickland 1965) . Total particulate nitrogen was determined on a Nitrogen-Carbon Analyser (Carlo-Erba 1500, Limito, Italy) (Hedges & Sternes 1984) . Suspended solids were measured for total particulate matter by drying at 60°C for 24 h, and mineral matter (MM) and organic matter content by loss on ignition at 450°C after 4 h.
Sediment parameters
Five sediment stations marked with graduated posts were studied in each pond at the beginning (day 1) and at the end (day 142) of the rearing period. The height of sediment accumulated on top of the original level was measured with a ruler for each station. This accumulation corresponded to the difference between the level observed at the beginning and at the end of the rearing. The redox potential (E h ) was assessed in situ on the first centimetre using a specific electrode (Cofralab PT5700A; Schott Instruments, Mainz, Germany) according to the method described by Hussenot & Martin (1995) . pH of pore water was measured directly in the first centimetre with a pH meter (Hussenot & Martin 1995) . The two first centimetre layer of sediment was collected at each station using a PVC tube of 10 cm diameter. One hundred grams of each sediment sampled were centrifuged at 2000 g for 30 minutes. The supernatant (pore water) was analysed as previously described for water samples for TAN. Fifty grams were dried for 5 days at 60°C to calculate water content. Analysis of total nitrogen in dry sediments was carried out with the technique used for measurement of particulate nitrogen in water.
Nitrogen budget
In order to find out the main forms of nitrogen in the outflow in relation with the WER, amounts of particulate and soluble elements in the inflow and outflow were calculated. Daily concentrations were multiplied by exchanged water volumes to get the total mass of each parameter. Values for each parameter were integrated between two samplings and summed up for the season. Results were expressed in terms of pond surface area (g m -2
). Balance net discharge refers to the difference between the outgoing and incoming amount for each parameter (Cho, Hynes, Wood & Yoshida 1994) . Nitrogen accumulation in the sediment was estimated by the difference between the nitrogen concentrations at the end of the experiment with concentrations at the beginning, taking into account the volume of the two first centimetres and the mean water content of the sediment. The nitrogen concentrations in feed pellets and in shrimp were determined in 10 samples and values were averaged.
Statistical analysis
Descriptive statistics of the pond, intake and effluent water quality are presented as mean, standard deviation of the mean, minimum (min), maximum (max). Regression analysis was carried out to determine the relationship between WER and (1) shrimp performance indices, (2) amount of particulate and soluble element input and output in the outflow, (3) sediment quality, and (4) accumulation of N-wastes. Values were considered significant at 5% level of confidence. Survival rates were arcsin transformed prior to statistical analysis. Differences between inflowing and outflowing water quality for each pond, and outflowing waters between all ponds, were assessed using a distribution -free statistics named sign test (Scherrer 1984) .
RESULTS
Production results
Shrimp mean weight at harvest increased significantly with increasing WER (r 2 = 0.72; P<0.05) ( Table 1) . Survival rates were higher than 70% whatever the pond and the WER (Table  1 ) and seemed to decrease as WER increased. However it was not significant (r 2 = 0.62; P=0.06). Production ranged between 6.7 and 7.2 t ha -1 year -1
. Feed conversion ratio (FCR) was above 2.2 whatever the pond. Production, final biomass and FCR were not affecting by WER (Table 1) .
Water parameters
Temperature did not differ between ponds and ranged from 23.9 to 30°C in the morning, and from 26.0 to 33.4°C in the afternoon. For all ponds, morning oxygen declined throughout the experiment from above 8 mg L -1 at the beginning to 2 mg L -1 at the end. Salinity values were 35-40‰ at the beginning of the experiment and below 25‰ at the end (Table2).
Results of the sign test (Table 4) showed a decrease in the concentration of N-mineral forms, an increase in the concentration of organic soluble forms and in the sestonic forms (expressed in terms of particulate organic matter, particulate nitrogen, chl-a) between inflow and outflow waters (Table 3) Concentrations of particulate nitrogen (Fig. 1) , particulate organic matter, chl a and organic soluble nitrogen in outflow (Fig. 2) water decreased as WER increased (Table 4) 
Mineral matter and Nitrogen exported in effluents
Nitrogen balance net discharge is shown in Fig. 3 . It refers to the difference between the outgoing and incoming amounts for each parameter. An increase of the net discharge for total nitrogen, particulate nitrogen, organic soluble nitrogen with increasing WER was observed. However, net discharge of particulate nitrogen increased more rapidly than that of soluble organic nitrogen; 36 and 34% of total nitrogen was discharged as organic soluble nitrogen for the two ponds with the lowest WER, while this ratio ranged from 27 to 29% for the other ponds. The balances of net discharge for mineral nitrogen were negative whatever the pond and decreased with increasing WER (r²=0.96). The linear regression of mineral matter (MM (g m -2 ) = -69 + 10 x WER; P = 0.01, r 2 =0.80).) against WER indicates that these two parameters were closely related. The balance of MM was equal to 0 when WER was 7%.
Sediment parameters
At the end of the rearing, mean pH did not differ between ponds and ranged from 7.0 to 7.1. Mean Potential redox ranged between 119±45 mV to 144±21 mV and water content between 45±13 % to 59±8 %. Mean TAN decreased (P<0.05) as WER increased from 2.6±1.2 to 7.3±2.2 mg L . Total nitrogen concentration in the sediment ranged between 1.51±0.41 mg g -1 (pond 6) to 2.27±0.39 mg g -1
(pond 1). The height of sediment accumulated and the evolution of sediment characteristics are presented in Table 5 . Accumulated layer, Δ pH and Δ (NO 2 -+NO 3 -)-N in pore water were similar whatever the pond studied. Δ Water content and Δ TAN increased as WER decreased (respectively r 2 = 0.76; P=0.02 and r 2 = 0.90; P<0.01).). Δ Redox potential decreased as WER increased (r 2 = 0.93; P<0.01). Gain of nitrogen over the culture period ranged from 0.23 to 1.00 mg g -1 dry weight and was not significantly correlated with WER (P=0.08).
Nitrogen budget
Nitrogen budget values are presented in Table 6 . The nitrogen concentration in feed pellets and shrimp were 70.1 ± 1.1 and 32.2 ± 4.6 mg g -1 . The waste exported by effluent increased as WER increased and represented 19 to 46% of the total nitrogen input in the pond (feed and water). These budgets indicated that shrimp converted between 17 to 20% of the nitrogen gained through feed and water to tissue, and 20-21% of the nitrogen added as feed. The nitrogen waste accumulated in sediment during rearing ranged from 3.8 to 10.9 g m -2 , counting for 7-26% of the total nitrogen input. The proportion of nitrogen imported through water and feed that was not found back when assessing budgets, was classified as "other". Values of "other" ranged from 11.5 to 17.1 g m -2 and corresponded to a loss of 81 to 120 mg m -2 of nitrogen day -1 .
DISCUSSION
Ponds management studies usually are restricted by availability of ponds, forcing researchers to limit treatments to maintain adequate replicates for statistical analysis. A more appropriate means of obtaining information could be to conduct trials with single or duplicate ponds for each treatment over a wide range of treatment and analyze the data using regression analysis (Wudtisin & Boyd 2005) . A non-parametric test is possibly the best way to analyse temporal series presenting non-normal distribution, like data obtained in our experiment. The statistical test used to compare effluents between ponds and with the inflow water is based on the difference analysis between each data pair (Scherrer 1984) .
The usual rule in terms of daily WER in New Caledonia is an increase from 5% at the beginning of the rearing to about 30% at the end (Aquacop 1984 ). This practice is water and energy consuming, as water is pumped. In this experiment, yield was the same whatever the WER suggesting the feasibility of a reduced WER leading to reduced energy costs for the industry as previously shown by Hopkins et al. (1993) and Martinez-Cordova et al. (1998) .
Dissolved oxygen is the most critical water quality parameter in aquaculture, controlling survival and growth of shrimp in ponds (Boyd 1990) . At the end of the experiment, minimum DO concentrations were below the required concentrations in all ponds. The values below 2 mg L -1 can be considered as critical for the growth of the shrimps (Allan & Maguire 1991) . A reduced WER will not lead to low oxygen level in the pond. The pond water should be oxygenated or shrimps partially caught to decrease biomass in ponds as practiced in semiintensive shrimp farms in New Caledonia. Except for oxygen, the observed variations in studied water quality parameters were within the acceptable range for Litopenaeus stylirostris (Aquacop 1984) .
Bottom soil quality has long been recognised as a factor influencing water quality and aquatic animal production (Boyd 1990 ). Reduced feeding, slower growth (Avnimelech & Zohar 1986) , low survival (Hopkins, Sandifer & Browdy 1994) and possibly higher sensitivity to disease are reported in relation with deterioration of the pond bottom (Avnimelech & Ritvo 2003) . In this work, reduce WER decreases the waste exported to coastal environment. A negative effect on the sediment is characterized by TAN accumulation and decreasing of Redox.
The results in this study shows an increase of water content as WER decreases, suggesting in a same time an increase of organic matter in pond sediment. (Avnimelech, Ritvo, Meijer & Kochba 2001) . It seems also that nitrogen accumulates in sediment while WER decreased, but the regression is not significant (P=0.08). Even if it is potentially feasible to reduce WER, if applied in the farms, this practice should be linked to a close survey of the evolution of sediment quality.
The impact of aquaculture effluents can vary considerably depending on the water quality supply in the ponds and the flushing rates of receiving water body. Oligotrophy of the water in the Caledonian lagoon is marked because of the influence of oceanic oligotrophic water inflow (Bujan, Grenz, Fischez & Douillet 2000) . Increased nutrient inputs in the lagoon could have a significant effect on lagoon water quality, especially at the back of the bays where shrimp farm effluents are mainly discharged. Water exchange resulted in a change of water characteristics between inflow and outflow and a net discharge of organic matter as indicated by a net discharge of organic soluble nitrogen and particulate nitrogen. Primary production could absorb intake inorganic nitrogen and could explain the negative discharge net balance. Primary productivity is a classical pathway to remove mineral nutrients from water, and helps pond digestion processes and lead to a reduction of mineral nitrogen pollutants in the discharge (Hopkins et al. 1993; . Compared to concentrations in inflow, Ziemann, Walsh, Saphore & Fulton-Bennet (1992) measured an increase of total N and TAN and a decrease of nitrate in the effluent from freshwater fish and prawn ponds and marine fish and shrimp ponds. The present study did not show an increase of TAN in effluent compared to concentration in inflow. DON form represents 75% of the soluble nitrogen in the Inflow and more than 94% in effluent. Soluble nitrogen is the main nitrogen source in the inflow (58%) even though particulate nitrogen was the major N components of the effluents (58-63%). The water outflow was characterized by an increase in the concentration of organic soluble forms and the sestonic organic forms (expressed in terms of particulate nitrogen, particulate organic carbon, chl a) compared to the water inflow.
Mean total nitrogen concentration in effluent ranged from 0.51 to 0.96 mg L -1 (soluble + particulate) and decreased as WER increased. The concentration was lower than values measured in Australia (Jackson et al. 2003; Jackson, Preston &, Thompson 2004) whatever the WER. For intensive shrimp farms, typical net load of total nitrogen is around 1 kg ha -1 day -1
. In this study, range of net load varied between 0.46 and 1.01 kg.ha . Net load for the highest WER was similar as the one observed in Australia for intensive system. Several works have shown that 27-57% of the nitrogen added to ponds is discharged (Funge-Smith & Briggs 1998) and that this amount increases with density (Martin et al. 1998) . In the present study 19 to 46% of the nitrogen added to ponds (water + feed) were flushed out of the ponds. The amount decreased as WER decreased. Despite TAN is generally considered as a major form (Lorenzen, Struve & Cowan 1997 , Jackson et al. 2003 , it could be considered as negligible in this study. Mineral nitrogen (TAN + N-NO 2 -+ N-NO 3 -) represents only 1 to 2.6% of total nitrogen even though it is established that ammonium is the main excretory product from shrimp (Burford & Williams 2001) . The ratio DON / total N ranged between 37 and 42% and was similar to the results found in Australia for intensive system (Jackson et al. 2003) . DON proves to be an important source of wastes which concentration is closely linked to the WER. DON appeared to be produced principally from leaching of shrimp feed and faeces (Burford & Williams 2001) . Effluent is also characterized by high concentrations of particulate nitrogen and chl a. The significant regression of particulate nitrogen against chl a indicates that these two parameters are closely related.
The percent of input N converted to harvested shrimp has important implications for water quality and profitability of pond aquaculture. Results indicate that about 20-21% of N added as feed is recovered in shrimps whatever the WER. The percentage in the present study was similar to the results obtained in intensive system in Thailand (Briggs & Funge-Smith 1994) and in Australia (Jackson et al. 2003) . Our study shows that water management and different eutrophication levels of the pond ecosystem had no effect on nitrogen assimilation by shrimp whereas natural biota can contribute significantly to shrimp nutrition (Burford, Jackson & Preston 2001) . These results suggest that WER could have no effect on the natural biota which contributes to the nutrition of shrimp. Others ways should be explored to significantly improve nitrogen assimilation and to reduce the environmental impacts of shrimp farming. At the animal level, improvements of feed formulations coupled with genetic selection for feed conversion efficiency should result in significant cumulative improvements to the reduction of N waste (Lawrence, Castille, Samocha & Velasco 2001) . At the pond level, an improved ability to adapt feeding strategies to seasonal and diurnal rhythms in feeding activity has also produced gains for aquaculturists .
For the highest WER, unrecorded nitrogen was estimated to count for 22 to 24% of total nitrogen input. For intermediate WER, the values ranged between 26 and 29%. For the lowest WER, unrecorded nitrogen was highest and corresponded to 36% of total nitrogen input (water and sediment). Unrecorded nitrogen ranged from 11.1 to 15.2 g m -2 for all ponds which corresponds to a nitrogen loss between 78 and 106 mg.m -2 d -1
. These losses are attributed to a release in the atmosphere through denitrification and diffusion process (Hopkins et al. 1993 , Briggs & Funge-Smith 1994 Jackson et al. 2003) . Each value represents the mean of 40 analyses except for particulate nitrogen and C/N (N=20). ** ** ** ** ns ** ns ** ** ** **Difference is significant with P < 1%. * Difference is significant with P < 5%. NS, difference is not significant. 
